An account of recent progress in a 3D dislocation simulation model for plastic deformation and instabilities in single crystals is given.
Extended Summary
Discrete dislocation dynamics models (see, for example, Kubin and coworkers, 1992, 1993; Hirth et al" 1996; Zbib et al., 1996-7; Schwarz and Tersoff, 1996) have the potential of rigorously describing the complex relationship between the macroscopic mechanical properties of materials and the underlying dislocation structures. There is a rich body of literature that deals with this subject, providing numerous experimental results about various dislocation phenomena, such as slip bands, shear bands, and persistent slip bands, etc. As in many physical problems involving the interaction of a large number of particles, the main difficulty in explaining the formation of dislocation structures lies in understanding the collective dynamical behavior of a large group of dislocations. The dynamics of dislocations can be viewed as a nonlinear system that may exhibit dynamical instabilities leading to self-organization and the spontaneous formation of structures (see, e.g., the work of Walgreaf and Aifantis, 1985) .
In this paper we briefly outline the main features of a 3D dislocation dynamics model that has been developed recently by the authors for modeling deformation in bcc and fee materials. The fundamental kinetics of dislocation mobility by kink formation, and activation of cross slip using Monte Carlo simulation are incorporated into the model. The model is used to investigate various fundamental mechanisms, including, production of dislocations by Frank-Read sources, hardening effects by the formation of jogs and junction, strengthening in metal-matrix composites by dislocation pinning, and the stress-strain behavior under uniaxial loading conditions.
We consider a random distribution of dislocation loops and curves of arbitrary shapes and lying on crystallographic planes. For bcc single crystals the {110}<111> and {112}<111> are the most closed packed slip systems and both are active at low temperatures. Each plane contains a number of dislocation curves whose configurations are approximated by a set of straight segments of mixed characters as shown in Figure 1 . The stress field of each loop is determined as the sum of the field from all segments as explained by Zbib et al (1997) . The motion of each dislocation segment is determined by first evaluating the total PK force which arises from all other dislocation stress fields and the applied stress, such that where Ν is the total number of dislocation segments, σ D . is the stress tensor from a remote segment j, σ" is the applied stress tensor, ξ. is the line sense vector, and F ii+l and F n ) are the interaction forces between adjacent segments i and j'+l, and i and i-1, respectively. The relationship between the glide velocity and the glide force per unit length (or effective shear stress) is temperature-dependent. At high temperatures, dislocations (pure edge, pure screw, and mixed) move by the phonon drag mechanism and the driving effective force is athermal.
where Μ gl is the dislocation mobility and, in general, it depends upon the character of the dislocation. Generally, Μ. could be, among other things, a fuction of the angle between the Burgers vector and the dislocation line sense, especially at low temperatures. In bcc single crystals, at low temperatures a pure screw dislocation has a rather complex three-dimensional core structure, resulting in a high Peirels stress which is overcome by stress-assisted thermal activation (Hirth and Lothe, 1982) . This leads to a relatively low mobility for screw dislocations while the mobility of mixed dislocations is very high. The glide velocity of a screw dislocation motion is characterized by the succession of kink nucleation and lateral double kink annihilation, leading to the same relation (2) with Μ given in Hirth and Lothe, 1982.
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Cross-slip is a thermally activated process and, therefore, is more prolific at high temperatures. For the <111>{110} and <111>{112} slip systems a <111> screw dislocation is common to six different planes. Within the present framework of discrete dislocation segments, if a screw dislocation segment cross-slip to a secondary plane it would have to bow-out to form a "Super-kink" configuration (Rhee et al, 1998) . Thus, the probability of a segment to jump into a secondary plane is determined by the probability Ρ as where A 0 is a normalization factor, r is the effective shear stress in a particular glide plane, V is the activation volume, W* is the activation energy based on the double kink model (Rhee et al, 1998) , and τ* is the corresponding critical stress to form the critical configuration. Moreover, short-range interactions considered in the model include annihilation, and formation of dipoles, jogs and junctions.
In the following example we consider the deformation (easy glide, Stage I) of a bcc Ta for which b = 2.86x10~'°m, μ = 10.1GPa, ν = 0.339, σ { = 3xlO~5//. In Figure 2 we show the result of simulation of easy glide of dislocations on a {110} plane under a constant applied shear stress (200MPa). Dislocations emit from a "closed loop" Frank-Read source located at the center of the cell. The Burgers vector and the orientation of the source are such that the initial dislocation is pure screw as can be deduced from the figure. Figures 2a-c are results obtained for different dislocation mobility. When the dislocation mobility is independent of its character, i.e. Μ ge = M gs = ΙΟ 4 (Ρα.ί)" 1 , the dislocations move away from the source uniformly which is the case for high temperatures. However, for nearly screw dislocation segments, when the mobility is decreased, so that Μ gs = 5 χ 10 3 (Pa.s)to 10 3 (Pa-s)" 1 , edge/mixed segments can move laterally at a faster rate and annihilate at the boundary, while screw segments move forward at a slower rate. This process results in a structure where most dislocations are nearly straight screw dislocations as can be deduced from Figure 2c . This structure has been observed in bcc materials at high temperatures as explained in the introduction. The spacing between these extended dislocations depends upon the mobility, the spacing decreasing as the mobility of the screw dislocation is decreased as can be deduced from Figures 15b-c. 
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Next we consider a general case of uniaxial loading of a crystal with random distribution of dislocations on (110) planes as shown in Figure 1 . For this case a normal stress is applied in the [010] direction, and an initial dislocation density of 3x10" irf 2 is obtained. Typical results of the numerical simulations are given in Figures 3 for the predicted stress strain curve at strain rate of 100/sec. As the mobility of the screw dislocations increases the flow stress decreases as predicted by the model and shown in Figure 4 . With decreasing mobility (corresponding to low temperatures) the dislocation structure predicted is similar to that shown in Figure 2c , with dislocation spacing decreasing as the mobility is decreased. The result of the numerical simulation shown in Figure 4 suggest that the flow stress has a power law dependence on 1 / Μ .
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Next, we show the effect of strain rate on flow stress as predicted by the simulation and given in Figure 5 . This result illustrates the ability of the 3DD model to capture rate effects. In these simulations, the number of time increments required to obtain reasonable strain increases with decreasing strain rates, increasing the computational effort. 
